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ABSTRACT 


Performance  equations  c.re  developed  for  the  crypto s t e a dy - 
flow  energy  separator  in  its  most  general  form  and  over  the 
widest  range  of  operating  conditions  considered  so  far,  including 
bearing  friction  j.'  other  rotor  torque,  and  unequal  discharge 
pressures,  peripheral  velocities,  flow  losses,  prerotation 
velocities,  and  discharge  angles. 

Equations  arc  also  developed  for  the  proi  urtioning  of 
rotor  nozzles  in  accordance  with  performance  specifications. 

Convenient  performance  and  design  charts  are  also  presented, 


N0MENCLVTUR1 


c  -  fluid  particle  velocity  in  F 

O 

Fg  =  frame  of  reference  in  which  the  flow  is  steady 

F  “  frame  of  reference  in  which  the  energy  separation  is 

utilized 

h  «  specific  static  enthalpy 

h°  =  specific  stagnation  enthalpy  in  F^ 

h*  =  specific  stagnation  enthalpy  in  F 

S 

L  =  externally-applied  rotor  torque  (positive  if  driving 
torque) 

m  e  mass  flow  rate 

M  **  Mach  number 

p  =  static  pressure 

p°  s»  stagnation  pressure  in 

u  =  fluid  particle  velocity  in  P 

*  -  u 

it  *  =  "prerotation"  velocity 

V  e  velocity  of  F  relative  to  P 

J  s  u 

a  =  ratio  of  total  nozzle  exit  area  on  b  side  to  total 
nozzle  exit  area  on  a  side 

0  =  inclination  of  nozzle  axis  to  normal  to  0  in  external- 

separation  devices  (seo  Fig,  2) 

y  -  ratio  of  specific  heats 

6  =  cos  0  (negative  on  a  side) 

i* 

n  =  (n*  -  h^J/Oi*  -  hQ)  (nozzle  efficiency) 

-V  -* 

G  “  angle  (V,c) 

•j* 

Note  that  this  definition  differs  from  thos  used  in  previous 
papers  on  this  subject.  a. 


r 


m  (h?  -  h")/m4V* 
a  i  a  '  i  a 


(cooling  capacity  coefficient) 


*y*i 

nV,;'u 

(mass 

flow  ratio) 

,;,a/mi 

(cold 

fraction) 

density 

a  =  angular 


velocity  of  tho  rotor 


Subscripts 


flow  discharged  with  5  <  0 
flow  discharged  with  6  >.  0 
rotor  nozzle  discharge  f 

rotor  nozzle  entrance 
energy  separator  input  flow 

conditions  resulting  from  ison tropic  discharge  from 

n  ®  Pnr  rvvnw^l  rv 

ri  ”  rd - - 


uoa  =  2hl  U-(PdQ/pI)  Y  ) 


Hi 


Superscripts 

o  «=  stagnation  quantities  in  Fy 
*  ■=  stagnation  quantities  in  Fg 


Assumptions 


(1)  The  fluid,  when  compressible,  is  assumed  to  be  a  calorically 

perfect  yas. 

(2)  In  external-separation  conf igurationr. ,  the  radial  distance 

between  rotor  and  stator  is  small  compared  to  the  rotor  raci 

(3)  Heat  exchanges  with  the  surroundings,  in  the  energy  separator, 

arc  negligible. 

(4)  Prerotation  velocities  are  everywhere  parallel  to  V. 
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Cryptostuudy  energy  separation  is  a  process  whereby  the 
total  bead  or  total  specific  enthalpy  of  a  portion  of  a  flow  is 
increased  at  the  expense  of  the  corresponding  quantities  in  the 
remainder  of  the  same  flow,  through  direct  and  essentially  non- 
dissipati/ci  exchanges  of  energy. 

It  is  known  that  reversible  transfers  of  mechanical  energy 
ill  flow  systems  are  possible  only  where  the  interacting  flows 
«■  o  nonsteady  [l]1.  Indeed,  in  the  only  known  steady-flow 
mechanism  of  redistribution  of  energy  within  an  initially  homo¬ 
geneous  flow — that  of  tlie  Rnncjuo-Hilsch  tube  [2,3] — the  transfer 
of  energy  is  effected,  rather  inefficiently,  through  the  action 
of  viscous  stresses.  On  the  other  hand,  considerably  bettor 
performance  has  boon  shown  to  be  possiblo  when  the  energy  trans¬ 
fer  is  effected  bv  "pressure  exchange,"  i.e.,  through  the  work 
of  interface  pressure  forces?  and  pressure  exchange  is  always 
a  nons toady  process,  because  no  work  is  done  by  pressure  forcos 
acting  on  a  stationary  interface. 

In  an  offort  to  improve  energy  separator  performance  through 
the  utilization  of  pressure  exchange,  some  attention  lias  boon 
given  during  the  last  decade  to  devices  called  "dividers,"  which 
operate  on  the  basis  of  wave  processes  [4,5].  There  is  reason 
to  believe,  however,  that  the  development  of  practical  and  ef¬ 
ficient  dividers  would  be  very  difficult,  because  of  the  sensi¬ 
tivity  of  those  devices  to  such  factors  as  imperfect  tinting  of 
moving  mechanical  parts  to  wave  and  flow  processes,  diffusion  of 


T 


Numbers 


in  brackets 


designate  References 


at  end  of  paper. 


interfaces,  non instantaneous  opening  and  cloning  of  valv  din- 
tort ion  of  shock  fronts,  etc.,  not  to  mention  the  usual  analytical 
complexities  of  nonsten^.y-i  low  pioconncs. 

This  paper  deals  with  a  nonr teady-I low  method  of  energy 
separation  in  which  tho  cliff icult.icu  just  mentioned  are  ovorcomo 
through  tnc  utilization  of  "cryptos toady"  pressure  exchanyc—a 
cryptontondy  process  being  defined  as  one  thnt  is  nonsteady  but 
admits  a  frame  of  roferenco  in  which  it  is  steady.  The  special 
merit,  of  cryptostendy  processes  is  that  they  can  bo  generated, 
controlled,  Gad  analyzed  as  stcady-flow  processes  in  this  unique 
frame  of  referonco,  while  retailing  nil  the  potential  advantages 
of  nonsteady  flows  in  the  frame  of  reference  in  which  they  are 
Mt i 1 ited. 

A  simple  interaction  of  this  type  is  shown  in  Fig.  1.  Here 

two  flows  deflect  each  other  to  a  common  orientation  in  a  frame 

of  reference  F  in  which  they  arc  both  steady.  Apart  from  trans- 
s 

port  processes,  no  energy  is  exchanged  botwoon  the  two  flows  in 
this  frame  of  reference.  A  transfer  of  energy  docs,  however , 
take  place— by  pressure  exchange-in  the  frame  of  reference  1'  of 
an  obsorver  O  moving  at  an  arbitrary  velocity  V  relative  to  F  . 
The  energy  so  transferred  is  aqual  to  tho  work  done  by  tho  pres¬ 
sure  forces  which  the  interacting  flows  exert  on  one  another  at 

their  interface.  This  wo?:k  is  zero  in  F  ,  where  the  .interface 

s 

is  stationary ,  but  not  in  F,  where  the  interface  moves.  Since 
changes  of  the  frame  of  observation  arc  reversible,  these  onergy 

exchanges  arc  essentially  nondissipat ivc. 

(  ' 

x 


koto  that,  because 


of  the  uxibLencc  ol  u  frame  of  ubsc  i  vul  i*->u  in  whi.-h  l ho  flow  is 
stonily  (frame  r  )  ,  the  flow  in  r  is  ervptos toady .  Analyses  of 

f » 

crypluato.  i’.y  interact ions  ami  discussions  of  some  of  t  heir  appli¬ 
cations  have  been  prayented  in  previous  pupors  1 C  ,  7 , 8 , 9 , 1  0)  . 

The  operation  of  the  eryptoatendy  energy  separator  may  be 
explained  in  u  similar  manner  1111,  through  consideration  of  a 
simple  two-dimensional  situation,  such  as  that  shown  in  Pig.  ?. 

Hare  n  plane  and  initially  homogeneous  stream  is  seen  issuing 
from  a  nozzle  as  n  jet  and  impinging  on  a  wall  W.  Tho  flow  field 
is  stationary  in  a  frame  of  reference  F  ,  which  is  the  coordinate 
system  fixed  to  the  nozzle,  body  forces  arc  assumed  to  be  absent, 
and  viscous  stresses  and  boat  exchanges  with  the  surroundings  are 
assumed  to  be  negligible. 

Tho  impi lujumont  causes  the  jet  to  divide  into  two  separate 

streams  a  and  b ,  interfacing  with  ono  another  at  tho  stagnation 

stream  surface  s.  For  example,  if  tho  discharge  pressure  is  thu 

same  on  the  two  sides,  the  ratio  of  tho  mass  flow  rotes  in  the 

two  streams  is  u  «  (1-  sin  B)/(l+  sin  0). 

Tho  specific  stagnation  onthnlpv  (or  the  total  head,  if  tho 

fluid  is  incompressible))  is,  in  frame  F ,  the  same  in  tho  deflected 

flows  as  in  the  original  stream.  This,  however,  is  not  true  in  any 

other  frame  of  reforeno  .  In  particular,  letting  c  and  u  denote 

fluid  particle  velocities  relative  to  F  and  to  the  frame  of 

s 

reference  F  of  an  observer  moving  relative  to  F  at  an  arbitrary 

U  8 

velocity  V  relative  to  the  wall#  respectively,  ono  has  u  ■  c  +  V# 
honco 

r 

4 

I 
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) 
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«;> 


•  )  '  U-. 


Ho  long  up  V  ft  0,  the  tm  m  («\  -  c  )  •  V  never  vanishes, 

U  il 

.  »  V 

because  c.  iiiid  c  liavu  ill  ffuj  out  oi'ii  >Uat  iohr-.  Therefore, 

JJ  tl 

7  (Up  “  u*)  f  i  (c>  -  c*)  ,  and  since  the  Uiormodyiuiroic  states 
are  invariant  with  respect  to  cli:mj;cs  of  the  rminc  of  rrf- 
eroncc,  there  follows 


K  -  K  *  K  -  K 

Thus,  if  h*  w  h*,  h£  yt  h®.  Si"ce  the  original  stream  i  is 
soon  as  a  homogeneous  stream  in  every  coordinato  system,  it  must 
bo  concluded  that  energy  is  transfer* cd,  in  F^ ,  from  one  portion 
to  tho  othor  of  Ihir,  Rtroam,  a1?  those  two  portions  are  deflected 
to  different  orientations.  Thin  fact  can  also  he  explained  on 
t.hu  basis  of  the  observation  that  in  frame  K  tho  intorfoco  s 
is  moving  «n«  i.ho  im  e*  face  j  -  tfjouro  forces  are  therefore  doing 
work,  Tho  energy  that  la  transferred  front  a  to  b  is,  of  course , 
tho  worJ;  done  by  a  on  h  in  this  pressure  exchange  intornetion. 

As  pointed  out  in  rofcrencos  1 11 j  and  (12),  a  situat  ion 
approximating  that  of  Fig.  2  may  be  obtained,  witli  a  stream  of 
finite  transverse  dimensions,  through  l m oral  confinement  of 
the  deflection  region  by  means  of  and  plates  or  vanen.  These 
vanes  mu3t  bo  shaped  to  load  tho  deflected  t*ows  into  separate 
spaces.  As  a  consequence ,  the  flow  can  be  strictly  cryptostoady 
only  if  the  confining  vanes  are  stationary  in  F^. 


notion  of  F  1 

fi 

relative  i*>  1  is  mo  .1  ai.n.' 

u 

!  v  1  iwi 

s  nt  a j nod 

,iel  i  •  i  the. 

i  f.rai  i  iw  j‘t  i  !  sc -1  f .  In  tN 

sit 

nation  of 

V,  t  !><  r.f  " ref  ray  ho  it  qoiv.lu  which  i u  conei  ru  I  h<  u  to  mono 
jn  u  direct  :,on  aaral  le.l  to  clip  wall  W.  A  more:  practical  nrru  hjo- 
me  lit  in  that  of  Fig.  3,  where  join  i  vi  J  net  from  slanted  nozxlcs 
or  plot  a  on  the  mu* face  of  a  free*  spin  ring  •otor  impinge  on  the 
internal  purl nee  or  an  enshrouding  wall.  Yhi  s  arrangement,  ap¬ 
proximator  thit  of  Pig.  2,  bo  long  nr  the  radial  depth  of  the 
annul  nr  impingement -del loci  ion  space  in  umnll  com) >arod  to  its 
mean  radius. 

Tn  contrast  to  the  "ext  ern  t  ecpar.it  i*.«n"  1  anfi  g  11  rat  ion  of 
Pig.  3  (whore  the  .separation  of  the  two  flown  takes  place  ouL- 
t.ici  a  the  rotor),  fig.  *1  shown  an  "internal  noparat  ion"  arrange- 
monl .  lain  the  separation  of  the  t  wo  flown  Lakes  pinou  inside 
the  rotor.  The  two  flows  arc  di schorood  through  t.o  nosrlcs, 

of  which  inly  two  are  shown,  A  schemat  ic  view  ol'  another  internal 
separation  arrangement*  <U  fining  some  of  the  nomenclature  lined 
in  this  paper,  is  shown  in  Fig.  5.  In  either  cuho,  ?.*!>•  tor 
simplicity  that  bearing  friction  is  negligible,  the  discharge 
pressure  is  uniform,  the  nozzle  inclination*!  to  the  rotor  surface 
are  oqu.il  and  opposite,  and  the  internal  flow  lofuies  are  the?  same 
for  both  flows.  Vhon,  if  1  ae  no;?  Stic  a  rear,  are  unequal,  the  rotor 
will  rotate  at  the  angular  velocity  which  is  required  for  the 
coru  or  vat  ion  of  the  total  ang*:’  u  moi.ntum  of  the  flow  in  the 
laboratory  frame  of  reference'  <  f  1  ..me  I*  )  ,  thus  producing  the 

required  Sol ion  01  P  n  hitivo  to  F  . 

1  3  u 


Sewra  1  v.  i'i  kt  i.cnu  of  t  huse  .•»  r.s*..*=  ntn  »  dom;»  ib  *  1  in 

r«.  ft.  t  |12)  . 

C.Typ  tbsloedy  ('in  i  i|y  sepai .« I  i  on  w,  first  ptopor.ru  ,<iul  ai.alvv 
in  i'c|ft'i"!Kf  (II),  will  _*h  also  “onle.ir.r.  ,m  account  of  som<  of  the 

experiments  in  which  the  validity  of  the  concept  was  firrt  tested 


ami  i.'cmfi  , 


Tike  anclyni.:*.  of  rnf-if'iico  [13}  accounts  lor  nont  of  the 
pertinent  paramo  tort: ,  including  rotor  torque  ami  flow  losses, 
but  covers  only  r.i luut  ions  in  which  l  ho  peripheral  velocity,  the 
Giuehaigo  pteraure,  and  the  entropy  rise  aro  the  seme  on  the  b 
at,  on  the  a  side,  the  i  noli  net  ion*:  of  the  Gisehavci  elocution  on 
the  two  k ides  arc*  equal  and  opposite,  and  prerot.*. lion  of  the  input 
flow  i  y  absent.  The  effects  of  departures  fru.t  such  symmetries 
have  received  relatively  little  attention  until  recently,  except 
for  a  study  by  llanhcn  (13]  on  the*  effect  of  prerot.nl. ion  aiul  for 
a  aeries  of  per foruuneu  analyses  of  into:  mil -separation  devices,  i 
which  the  effects  of  prerotation  (a  nay -nod  to  be  uniform  through- 
out  the  input  flow)  and  of  differences  of  nox/lu  inclination, 
peripheral  velocity,  and  discharge  pressure  oik  the  two  sides 
have  boon  individually  examined  by  thru  writer. 

A  more*  comprehensive  study  of  the  subject  has  recently  boon 
completed  by  Graham  1 14],  as  part  of  a  comparative  analysis  of 
the  three  clauses  of  energy  separation  techniques— steady,  non- 
steady,  and  Ci  yp  Lor.  toady ,  In  dealing  with  the  latter  technique, 
the  Graham  paper  analyzes  in  detail  the  effect  of  unoeyal  pres¬ 
sures  on  the  behavior  of  tike  emerging  jo*  in  external -separation 

/ 

(f 


devices  and  also  examines  two  output  flow  collection  effects 
which  arc  critical  with  these  devices.  Viscous  reattachment  of 
the  deflected  jots  to  the  collector  walls  is  found  to  be  poten¬ 
tially  beneficial,  whereas  flow  pulsations--!. e. ,  departures 
from  c  r y p  to  stead 1 nos  s — in  the  collection  process,  resulting 
from  the  visa  of  confining  vanes  stationary  in  F  ,  are  found  to 
be  detrimental.  The  latter  determination  is  of  particular 
importance,  in  that  it  provides,  for  the  first  time,  a  firm 
rationale  for  focussing  attention  on  those  devices  of  this  class 
in  which  the  flow  is  truly  eryptostcady . 

For  such  devices,  whether  they  be  of  the  internal-  or  of 
the  external-separation  variety,  the  Graham  analysis  develops 
"core  per/crmance"  equations  in  which  the  most  important  design 
and  operational  parameters  appear  simultaneously,  with  full 
account  of  their  nonlinear  interactions.  However,  those  equa¬ 
tions  require  iterative  solution  in  most  cases,  and  their  use 
is  again  .limited  in  practice,  because  of  their  great  complexity, 
to  the  individual  evaluation  of  the  separate  effects  of  pre¬ 
rotation  (again  assumed  to  be  uniform),  rotor  torque,  and  unequal 
back  pressures,  nozzle  efficiencies,  and  exit  flow  orientations, 

Tno  present  analysis  approaches  the  same  problem,  for  strictly 
cryptosteady  situations,  by  a  different  route,  which  leads  to 
simple,  closed-form  solutions  in  all  cases.  The  analysis  accounts 
for  all  design  and  operational  parameters  so  far  identified,  as 
well  as  for  their  conceivable  asymmetries  (including  unequal  pre¬ 
rotations)  and  nonlinear  interactions.  Equations  are  also 


f ications , 


GENERALISED  PEUFORHAKCE  ANALYSTS 


The  following  equations  apply  to  both  flows  a  and  b: 


h*  =  h?  - 

d  ni  2  +  2 


=  hi  +  2~  "  U'V 


2  <hS  "  V 


2i-|  (h*  -  h?  +  —) 


with 


p  Y"1 

“o  -  2hl  l1  -  (pf)~ ) 


Equation  (3)  is  plotted,  for  y  =  1.40,  in  Figure  6 


From  Equations  (1)  and  (2)  there  follows 


c2  «  n  (V2  -  2u'  V  +  u2 ) 


Equation  (4)  is  plotted  in  Figure  7. 


Also, 


u2  =  c2  +  V2  +  2cdV5 


and,  by  definition, 


I  (ud  '  c?) 


3-r 


liquations  (.1),  (4),  (5),  and  (6)  yield 


hd  “  hi  =  V?  +  «V[n(u*  +  V2  -  2u'V)j1/2  -  u'V 


Thus , 


a  \1 


1/2 


hb"hi 


V,' 


1 


(7) 

(8) 

(9) 


.The  use  of  V  as  an  independent  variable  is  analytically 
convcnir  t  (as  shown  by  the  development  above)  and  is  justified 
by  tiie  speci-’'  constraints  to  which  the  selection  of  this  param¬ 
eter  is  subjected  in  practice  (constraints  of  rotor  size  and 
structural  strength,  of  ^earing  characteristics,  etc.). 

Equations  (8)  an  <)  cover  the  greatest  variety  of  con¬ 
figurations  and  ope  ,g  conditions  so  far  <.  asidered,  includ¬ 
ing  such  asymmei  i.es  as  nequal  peripheral  velocities,  discharge 
pressures,  fir  prerotation  velocities,  and  discharge 

angles.  Ro .  .  -  •'  is  implicitly  accounted  for  through  the 

mass  flow  ratio,  as  will  be  seen  below  and  under  DESIGN  EQUATIONS. 

The  mass  flow  ratio  is  related  to  the  specific  enthalpy 
increments  through  the  energy  equation 


m  h° 
a 


a  +  mbhl° 


m  ■  h?  +  Lw 

i  i 


whe  ce 


V 


Lu) 


mi 


(10) 


9  -  r 


The  "ccld  fraction"  is 


and  the  "cooling  capacity  coefficient "  is,  by  definition, 


k  -  v (h?-h° ) /V* 

1  cl  s 


Equations  (8)  and  (9)  are  plotted,  for  y  =  1.40,  in 

Figs.  8(a)  through  8  (p)  .  These  two  equations  are  uncoupled, 

in  the  sense  that  the  stagnation  enthalpy  increments  on  the 

a  and  b  sides  can  be  obtained  separately  from  them  or  from  the 

charts.  Pig  8(a)  illustrates  the  use  of  the  charts  for  a  case 

in  which  the  two  stagnation  enthalpy  increments  can  be  read  on 

the  same  chart  because  <$.  =  -  6  and  g.  =  n  •  The  example 

baba  r 

chosen  is  that  of  an  energy  separator  in  which  6b  =  -  5&  -0.95 
and  ru  -  “  0.90,  operating  at  prescribed  nozzle-exit  peripheral 

velocities  and  V^,  with  prerotation  velocities  =  0 . 5V&  and 
ub  =  -  0.4  35Vb,  arid  under  such  pressures  p?,  p^a  and  pdb  that 
u  and  uQj3  —  as  obtained  from  Eq.  (3)  or  from  Fig.  6  —  are 
equal  to  4V&  and  4V^,  respectively.  To  obtain  the  stagnation 
enthalpy  drop  on  the  a  side,  enter  the  prescribed  value  of  u’/V 
on  the  pertinent  scale  (point  A) ,  read  down  vertically  to  the 
curve  for  u__/V_  =  4  (point  B)  and  then  horizontally  to  the 
(h?-h°)/Va  scale  for  the  sought  information  (point  C) .  The 
stagnation  enthalpy  rise  on  the  b  side  is  similarly  obtained  by 
entering  the  known  value  of  u^/V^  on  the  pertinent  scale  (point 
D) ,  and  proceeding  from  there  horizontally  to  the  curve  for  the 
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appropriate  value  of  u  (point  E)  ,  and  thence  vertically  for 

the  sought  leading  at  F.  If  6^  ^  -6^  and/*. r  ¥•  na#  the  read¬ 
ings  C  and  !•’  must  be  obtained  separately,  each  from  the  appropriate* 
chart.  The  corresponding  value  of  |i  is  obtained  from  Eq.  (10). 

If  rotor  torque  is  absent  or  negligible,  and  if  the  two  reac. ings 
C  and  F  are  transposed  to  the  same  chart,  the  value  of  u  is  that 
which  pertains  to  the  radial  line  through  point  G,  whose  coordi¬ 
nates  are  the  two  readings  C  and  F.  I.t  the  case  of  the  illustra¬ 
tive  example  of  Fig.  8(a)  \i  =  0.6  vj/vj.  Fig.  9  is  a  convenient 
chart  for  the  comparative  evaluation  of  solutions  from  the  stand¬ 
point  or  cooling  capacity,  for  situations  in  which  rotor  torque 

is  negligible  and  V  =  V,  . 

a  b 

Figs.  6  through  9  can  be  used,  of  course,  also  in  the  solution 
of  the  reverse  problems  resulting  from  interchanges  of  dependent 
and  independent  variables  (e.g. ,  in  the  determination  of  the 
rotor  speed  and  input  and  discharge  pressures  that  are  required 
to  produce  a  specified  cooling  capacity  coefficient) ,  Further¬ 
more,  visual  inspection  of  these  charts  readily  uncovers  a  good 
deal  of  useful  information  on  the  magnitude,  sizes,  and  relative 
importance  of  changes  of  various  parameters  in  relation  to  their 
separate  or  combined  effects  on  performance.  Thus,  for  example, 
the  charts  confirm  the  existence  of  an  optimum  positive  pre¬ 
rotation  on  the  a  side  when  the  pressure  ratio  on  that  side  is  low; 
they  reveal  that  opposite  prerotations--positive  on  the  a  side 
and  negative  on  the  b  side — can  be  remarkably  beneficial  from  the 
standpoint  of  cooling  capacity  for  any  given  rotor  speed;  and 
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they  provide  a  tool  for  the  quick  selection  of  the  operational 
parameters  that,  will  best  combine  to  produce  any  ties. I  red  result. 

Pik; ten  pgi'/vnons 

# 

* 

The  equations  developed  in  the  preceding  section  apply,  of 
course,  to  both  internal-  and  external-separation  devices.  Thus, 
once  a  satisfactory  solution  has  been  .identified,  the  determination 
of  the  combination  of  operational  parameters  (rotor  speed,  mass 

flow  ratio,  etc.)  that  will  produce  this  solution  is  tho  same 

* 

for  both  subgroups.  The  same  cannot  be  said,  however,  of  the 
manner  in  which  the  selected  combination  can  be  implemented.  In 
the  first  place,  in  internal-separation  devices  the  controlling 
design  parameter  is  the  nozzle  area  ratio  a,  whereas  in  external 
separation  devie  >  it  is  tho  impingement  angle  0,  In  the  second 
place,  the  effect  of  unequal  discharge  pressures  on  rotor  speed 
and  mass  flow  ratio  is  markedly  different  in  the  two  subgroups 
[14].  Finally,  impingement  wall  boundary  layer  effects  on  per¬ 
formance,  absent  in  internal  separation,  are  believed  to  be 
potentially  significant  in  external  separation,  although  very 
little  is  yet  known  about  them.  The  latter  point  is  particularly 
important,  in  that  it  points  to  residual  uncertainties  that  still 
make  the  correlation  of  design  to  performance  a  good  deal  less 
reliable  with  external  than  with  internal  separation.  For  this 
reason,  only  the  internal-separation  version  will  be  considered 
here. 

Two  cases  will  be  discussed:  . 

(a)  the  case  in  which  the  two  flows  a  and  b  are  both 

fully  expanded,  within  the  rotor  nozzles,  to  their 
respective  discharge  pressures  pQ  and  p^,  and 
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(b)  the  i\iso  in  which  the  rotor  nozzler.  arc  under- 
expanded  and  both  flows  tire  sonic  at  the  noZ2le 
exits . 

Case  (a)  . 

If  the  nozzle  flows  are  fully  expanded,  gq  «  on  both 
sides.  Those  velocities  can  be  obtained  from  Lcj.  (4)  or  from 


Fig .  7 . 


From  tho  equation  of  state, 

pdb  =  ^db  hda 
pda  pda  ^db 


pda 


(13) 


nnd,  from  the  definition  of  |i, 

°db  pdb 


V 


« 


'"da  yc\a 

Finally,  Eqs.  (1) ,  (13)  ,  and  (14)  yield 


(14) 


c,-, 


2h?  +  V*  -2u,' V.  -  c,ii 


a  =  P 


da  Pda  «"i  "  vb  ~*,“bvb  ~  wdb 

cdb  pdb  2h?  +  V7  -2u‘  V.  -  c2, 
i  a  a  a  da 


(15) 


U  is  calculated  from  Eq,  (10)  ,  and  it  is  through  this  parameter 
that  rotor  torque  is  accounted  for. 

Case  (b)  . 

Since  M_ _  =  to  ,  ,  the  mass  flow  ratio  is  [15] 

Sa  tib 


Kb  ,» SmV2 

“  '  F"  (rad 

^ea  '  db 


(16) 
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